Introduction {#cei13108-sec-0001}
============

Macrophages are essential for the elimination of invading pathogens, playing a pivotal role in inflammation as well as regulating tissue homeostasis [1](#cei13108-bib-0001){ref-type="ref"}. Phenotype and function of macrophages appear to adapt to the multifarious stimuli of the surrounding microenvironment. This functional heterogeneity can be reproduced depending on the activation and polarizing stimuli *in vitro* leading to M1‐activated (proinflammatory) or M2‐activated (anti‐inflammatory/tissue remodelling) macrophages [2](#cei13108-bib-0002){ref-type="ref"}, [3](#cei13108-bib-0003){ref-type="ref"}. Intestinal macrophages are engaged permanently with immunostimulatory bacteria and, therefore, appear to acquire an 'inflammatory anergy' to prevent sustained inflammation of the gut [4](#cei13108-bib-0004){ref-type="ref"}, [5](#cei13108-bib-0005){ref-type="ref"}.

In the premature gut, restitution of the epithelial border as well as mucin production are diminished leading towards a 'leaky gut' with increased translocation of bacteria into the lamina propria [6](#cei13108-bib-0006){ref-type="ref"}. Intestinal macrophages of premature neonates are in a proinflammatory state and acquire a gestational age‐dependent non‐inflammatory profile [5](#cei13108-bib-0005){ref-type="ref"}, [7](#cei13108-bib-0007){ref-type="ref"}. Thus, the 'leaky gut' as well as the higher proinflammatory state of macrophages might predispose premature infants to inflammatory mucosal injury resulting in complications such as necrotizing enterocolitis (NEC) [8](#cei13108-bib-0008){ref-type="ref"}.

In recent years, diverse immunoregulatory properties of lactoferrin have been described *in vitro*. Lactoferrin, a mammalian iron‐binding whey glycoprotein, exhibits direct effects against pathogens by iron depletion as well as binding and neutralizing pathogen‐associated molecular patterns and, furthermore, appears to attenuate the proinflammatory immune response via interaction with Toll‐like receptors (TLRs) [9](#cei13108-bib-0009){ref-type="ref"}, [10](#cei13108-bib-0010){ref-type="ref"}. Lactoferrin showed protective effects in a neonatal gut‐related sepsis model against *Escherichia coli* leading to reduced mortality [11](#cei13108-bib-0011){ref-type="ref"}. Randomized control trials revealed that oral administration of lactoferrin alone and combined with probiotics significantly reduced the incidence of NEC stage II or greater in premature neonates compared to placebo [12](#cei13108-bib-0012){ref-type="ref"}. Hence, lactoferrin seems to feature manifold immunoregulatory effects and showed promising results for NEC prevention in preterm infants in clinical studies.

To date, data concerning the functional properties of lactoferrin on neonatal monocytes and macrophages are scarce. Hence, the overarching aim of the current study was to provide deeper insights into the functional properties of neonatal and adult monocyte‐derived macrophages (moMϕ) and the effects of human lactoferrin (hLF) on functional response and differentiation after TLR‐dependent activation.

Materials and methods {#cei13108-sec-0002}
=====================

Study population {#cei13108-sec-0003}
----------------

Heparinized whole blood from the umbilical cord from term neonates (*n* = 18, 37--42 weeks of gestation) after caesarian section and peripheral blood from healthy adult volunteers (*n* = 10, age = 18--60 years) was collected aseptically and processed immediately. Exclusion criteria for newborns were known maternal autoimmune diseases or maternal immune deficiencies, regular intake of immunomodulatory medication, congenital malformations and congenital infections. The study was approved by the local ethics committee of the Medical University of Vienna (no. 1923/2012) and written informed consent was obtained from the parents before birth and healthy adults.

Cell isolation and cell culture {#cei13108-sec-0004}
-------------------------------

Peripheral blood mononuclear cells (PBMCs) were isolated sterilely from heparinized cord and peripheral blood through Ficoll density centrifugation immediately after drawing. CD14^+^ monocytes were extracted from PBMCs with anti‐CD14 MicroBeads (Miltenyi Biotec, Bergisch‐Gladbach, Germany), according to the manufacturer\'s protocol. Isolated cells (1·25 × 10^5^/ml) were cultivated in RPMI‐1640 medium supplemented with 10% fetal calf serum (FCS; G[ibco]{.smallcaps}, Carlsbad, CA, USA) in a 24‐well flat‐bottomed plate (Greiner Bio‐One, Kremsmünster, Austria). To obtain moMϕ, monocytes were differentiated with macrophage colony‐stimulating factor (M‐CSF) (100 ng/ml; PeproTech, Rocky Hill, NJ, USA) in the absence or presence of hLF (50 or 500 µg/ml; Sigma Aldrich, St Louis, MO, USA) for 7 days in an incubator with 37°C, 5% CO~2~ and 95% humidity. M‐CSF and hLF were added on days 0, 3 and 5 of cultivation.

M‐CSF receptor expression and signalling {#cei13108-sec-0005}
----------------------------------------

Monocytes were cultivated in the absence or presence of M‐CSF (100 ng/ml) and hLF (50 or 500 µg/ml) for 24 h at 37°C to evaluate the impact of hLF on M‐CSF receptor expression. After incubation, cells were stained with anti‐CD14‐fluorescein isothiocyanate (FITC) (clone 322A‐1; Beckman Coulter, Krefeld, Germany) and anti‐CD115‐phycoerythrin (PE) (clone 12‐3A3‐1B10; eBioscience, Vienna, Austria) for 20 min at room temperature and analysed by flow cytometry (BD Biosciences, Franklin Lakes, NJ, USA).

To investigate whether the M‐CSF signalling pathway was affected, monocytes were preincubated with hLF (50 or 500 µg/ml) for 10 min at 37°C and stimulated afterwards with M‐CSF (100 ng/ml) for 1 min. Immediately after stimulation, fixation of monocytes was performed with prewarmed (37°C) lyse/fix buffer (BD Biosciences) for 10 min at 37°C, followed by a 30‐min permeabilization on ice with precooled (--20°C) Perm Buffer III (BD Biosciences). Monocytes were washed three times, stained with the phosphospecific antibody phospholipase C (PLC)‐γ2‐Alexa Fluor 647 (clone K86--689.37; BD Biosciences) for 20 min at room temperature and then analysed on a LSRFortessa^TM^ flow cytometer (BD Biosciences).

Apoptotic assay {#cei13108-sec-0006}
---------------

Proportions of apoptotic cells were analysed from macrophages that were differentiated with M‐CSF and in the absence or presence of 50 or 500 µg/ml hLF. Macrophages were stained with annexin V‐V450 and 7‐aminoactinomycin D (7‐AAD) viability staining solution (both from BD Biosciences) and analysed subsequently by flow cytometry.

Surface receptor staining of macrophages {#cei13108-sec-0007}
----------------------------------------

To analyse expression levels of surface receptors, monocyte‐differentiated macrophages were left untreated or stimulated with lipopolysaccharide (LPS) (1 ng/ml; *E. coli* O111:B4) or lipoteichoic acid (LTA) (1 µg/ml; *Staphylococcus aureus* ultrapure, both from InvivoGen, San Diego, CA, USA) for 24 h. Unstimulated macrophages were stained with (i) anti‐CD14‐FITC (Beckman Coulter), anti‐TLR‐2‐allophycocyanin (APC) (clone TL2.1) and anti‐TLR‐4‐phycoerythrin (PE) (clone HTA125, both from eBioscience), and (ii) anti‐CD16‐FITC (clone eBioCB16), anti‐CD64‐APC (clone 10.1) and anti‐CD206‐PE (clone 19.2, all from eBioscience) for 20 min at room temperature. After TLR‐specific activation, cells were stained with anti‐CD14‐FITC (Beckman Coulter), anti‐CD40‐PE (clone 5C3) and anti‐human leucocyte antigen D‐related (HLA‐DR)‐V500 (clone G46‐6, both from BD Biosciences) for 20 min at room temperature. After antibody incubation, cells were washed once with staining buffer and analysed immediately via flow cytometry.

Analysis of cytokine production {#cei13108-sec-0008}
-------------------------------

Intracellular tumour necrosis factor (TNF)‐α production was measured in unstimulated and stimulated macrophages with LPS (1 ng/ml) or LTA (1 µg/ml) for 4 h in the presence of brefeldin A (eBioscience). After stimulation, cells were stained with anti‐CD14‐FITC (Beckman Coulter) for 10 min at 4°C and afterwards fixed with intracellular (IC) fixation buffer for 20 min. Cells were then permeabilized using permeabilization buffer (eBioscience), stained subsequently with anti‐TNF‐α‐PE (clone Mab11, eBioscience) for 20 min and analysed by flow cytometer.

In addition, TNF‐α and TGF‐β were measured via enzyme‐linked immunosorbent assay (ELISA) from the cell culture supernatants after 4 h of stimulation. Additionally, cytokine levels of interleukin (IL)‐1β, IL‐6, IL‐8, IL‐10, TNF‐α and IL‐12p70 were analysed using the human inflammatory cytokine CBA kit (BD Biosciences) after 24 h of stimulation.

TLR signalling {#cei13108-sec-0009}
--------------

Macrophages were either treated with cell culture medium or stimulated with LPS (100 ng/ml) or LTA (1 µg/ml) for 10 min at 37°C. After stimulation, cells were fixed and permeabilized under the same conditions as for M‐CSF signalling analysis. For intracellular evaluation of TLR signalling pathways, macrophages were stained with the phosphospecific antibodies nuclear factor kappa B (NF**‐**κB) p65 (pS529)‐PE (clone B33B4WP; eBioscience) and extracellular kinase (ERK)1/2 (pT202/pY204)‐Alexa Fluor 647 (clone 20A; BD Biosciences) for 20 min at room temperature and analysed afterwards by flow cytometric analysis.

Phagocytosis assay {#cei13108-sec-0010}
------------------

Phagocytosis was assessed by incubating macrophages for 1 h at 37°C with non‐opsonized *E. coli*--FITC (Orpegen, Heidelberg, Germany), according to the manufacturer\'s protocol. Additionally, the pHrodo^TM^ Green *E. coli* BioParticles^®^ kit for flow cytometry (Life Technologies, Carlsbad, CA, USA) was used to measure the potential of macrophages to process *E. coli* particles. Therefore, cells were incubated with non‐opsonized *E. coli* particles for 1 h at 37°C. In addition, moMϕ were stained with anti‐CD14‐V450 (clone M5E2; BD Biosciences).

RNA extraction and reverse transcription--quantitative polymerase chain reaction (RT--qPCR) {#cei13108-sec-0011}
-------------------------------------------------------------------------------------------

For VentX mRNA quantification, 2 × 10^5^ monocytes were left untreated or were differentiated with M‐CSF in the absence or presence of hLF. Cells were harvested on day 6 and total RNA was extracted using the RNeasy Plus Mini Kit (Qiagen, Venlo, the Netherlands). RNA quantity and quality were assessed using NanoDrop8000 (Thermo Fisher Scientific, Waltham, MA, USA). The ABI PRISM 7500HT Sequence Detection System (Applied Biosystems, Foster City, CA, USA) was used for RT‐qPCR analysis. Primer‐probes sets for VentX FAM and 18S rRNA VIC were obtained predesigned from Applied Biosystems and tested for primer efficacy (gene expression assays: Hs99999901_s1 18S VIC, Hs00797729_s1 VentX FAM). Multiplex amplification was carried out in a total volume of 20 µl for 40 cycles of 3 s at 95°C, 30 s at 60°C. Initial denaturation was performed for 3 min at 95°C. Target gene expression was normalized to 18s rRNA housekeeping gene expression. Normalized target gene expression was analysed by the comparative ΔΔCT method and calculated as x‐fold expression.

Statistical analysis {#cei13108-sec-0012}
--------------------

Statistical analysis was performed using [spss]{.smallcaps} version 24.0. The Shapiro--Wilk test was performed to prove normal distribution and the Levene test was applied to verify the homogeneity of variance. Data were then analysed using one‐way analysis of variance ([anova]{.smallcaps}) in accordance with Tukey. Data that were not normally distributed were analysed using the Kruskal--Wallis test. Flow cytometry data were analysed using FlowJo X (FlowJo LLC, TreeStar Inc., Ashland, OR, USA). A *P*‐value of ≤ 0·05 was considered statistically significant.

Results {#cei13108-sec-0013}
=======

Presence of hLF does not interfere with macrophage differentiation {#cei13108-sec-0014}
------------------------------------------------------------------

In the first step, we examined the influence of hLF on M‐CSF receptor expression and M‐CSF signalling of monocytes. M‐CSF receptor expression was down‐regulated significantly after engagement with M‐CSF or 500 μg/ml hLF alone and M‐CSF + 50 or 500 μg/ml hLF combined in comparison to monocytes that were cultivated in medium alone (Fig. [1](#cei13108-fig-0001){ref-type="fig"}a). M‐CSF signalling was increased in monocytes that were stimulated with 500 μg/ml hLF compared to medium‐only controls. Activated monocytes with M‐CSF or M‐CSF + 500 μg/ml hLF showed identical signalling up‐regulation (Fig. [1](#cei13108-fig-0001){ref-type="fig"}a). Investigations on morphology and induction of apoptosis did not differ in lactoferrin‐differentiated macrophages or in controls (Fig. [1](#cei13108-fig-0001){ref-type="fig"}b,c).

![Influence of human lactoferrin (hLF) on monocyte‐to‐macrophage differentiation. (a) CD115 expression \[mean fluorescence intensity (MFI)\] as well as phosphoinositide phospholipase C (pPLC)‐γ2 signalling (fold change compared to unstimulated control) was evaluated after stimulation with macrophage colony‐stimulating factor (M‐CSF) or hLF alone or in combination with different concentrations of hLF by flow cytometry in adult monocytes. One representative histogram from three independent experiments is shown (*n* = 3). (b) Macrophage viability was evaluated by flow cytometry using annexin V and 7‐aminoactinomycin D (7‐AAD) staining and (c) light microscopy after 7 days of culture. One representative image from four independent experiments is shown. Bars show mean ± standard deviation from four healthy adult probands. (d) Expression of CD16, CD64, CD206, Toll‐like receptor (TLR)‐2 and TLR‐4 of macrophages differentiated in the presence or absence of hLF from healthy adults and term neonates (each group *n* = 6) was evaluated by flow cytometry. Boxes indicate the 25th and 75th percentiles, error caps indicate the 5th and 95th percentiles and the middle line represents the median. Dots represent outliers. (e) Monocyte‐derived macrophages differentiated in the presence or absence of hLF from healthy adults (*n* = 4) were harvested at day 6 and VentX mRNA expression was determined by reverse transcription--polymerase chain reaction (RT--PCR). VentX mRNA was normalized to 18sRNA and compared between unstimulated macrophages without M‐CSF and hLF at day 5. Values are shown as fold change in relation to unstimulated control. Normal distribution was determined with the Shapiro--Wilk test. Normally distributed data were analysed using one‐way analysis of variance in accordance with Tukey and non‐normally distributed data were analysed using the Kruskal--Wallis test. \**P* \< 0·05; \*\**P* \< 0·01.](CEI-192-315-g001){#cei13108-fig-0001}

Next, we examined the effect of hLF on the expression of the differentiation markers CD16, CD64 and CD206, as well as TLR‐2/4. TLR‐4 expression was down‐regulated significantly on adult and term moMϕ under the influence of hLF. Interestingly, adult moMϕ showed lower, although not significant, levels of TLR‐2 and CD206 after concomitant differentiation with hLF, although this was not statistically significant. Expression levels of CD14, CD16 and CD64 in both groups and TLR‐2/CD206 in term neonates were not modified in the presence of hLF when compared to M‐CSF conditions (Fig. [1](#cei13108-fig-0001){ref-type="fig"}d). Furthermore, we investigated the expression of the transcription factor VentX in moMϕ after 6 days of differentiation. The expression of VentX was not influenced by the presence of hLF during differentiation (Fig. [1](#cei13108-fig-0001){ref-type="fig"}e).

Diminished TNF‐α production and TLR signalling after LPS and LTA challenge in hLF‐differentiated moMϕ {#cei13108-sec-0015}
-----------------------------------------------------------------------------------------------------

In the next step, we determined the immune response of differentiated moMϕ after TLR‐2 (LTA)‐ and TLR‐4 (LPS)‐specific activation. First, we investigated the capability of moMϕ to produce TNF‐α after TLR engagement. Upon 4 h of stimulation, hLF‐treated adult and term moMϕ showed a dose‐dependent decrease of TNF‐α secretion in cell culture supernatants compared to M‐CSF controls. hLF alone had no effect on TNF‐α secretion (Fig. [2](#cei13108-fig-0002){ref-type="fig"}a,b). In accordance with these results, intracellular TNF‐α production was significantly lower in hLF‐differentiated moMϕ stimulated with LPS or LTA compared to M‐CSF controls in both study groups (Fig. [2](#cei13108-fig-0002){ref-type="fig"}c,d). To deepen our insight into the TLR‐dependent pathways, we examined the phosphorylation of the signalling molecules ERK1/2 and NF‐κB p65. Both signalling proteins were significantly lower phosphorylated upon LPS and LTA stimulation in adult hLF‐differentiated moMϕ compared to M‐CSF‐differentiated moMϕ (Fig. [3](#cei13108-fig-0003){ref-type="fig"}a).

![Influence of human lactoferrin (hLF) on the proinflammatory response of monocyte‐differentiated macrophages (moMϕ). (a) MoMϕ were stimulated with lipopolysaccharide (LPS) or lipoteichoic acid (LTA) for 4 h and tumour necrosis factor (TNF)‐α was measured with enzyme‐linked immunosorbent assay in the cell culture supernatant (*n* = 5 per group: black bars adults, white bars neonates). (b) Influence of increasing dosage of hLF on adult monocyte‐derived macrophages on the secretion of TNF‐α after 4 h LPS stimulation. Human serum albumin (HSA) was used as protein control (n = 5). (c) In parallel, intracellular (i.c.) TNF‐α was assessed on a single‐cell level (n = 5 per group: black bars adults, white bars neonates) using flow cytometry, and (d) one representative histogram from 10 independent experiments is shown. Bars show mean ± standard deviation. Normal distribution was determined with the Shapiro--Wilk test. Normally distributed data were analysed using one‐way one‐way analysis of variance in accordance with Tukey and non‐normally distributed data were analysed using the Kruskal--Wallis test. \**P* \< 0·05; \*\**P* \< 0·01.](CEI-192-315-g002){#cei13108-fig-0002}

![Influence of human lactoferrin (hLF) on the phagocytic activity and Toll‐like receptor (TLR)‐2/4 signalling in monocyte‐differentiated macrophages (moMϕ) (a) Phosphorylation levels of extracellular‐regulated kinase (ERK) 1/2 and nuclear factor kappa‐light‐chain‐enhancer of activated B cells (NF‐κB) in macrophages from term neonates (*n* = 5) upon stimulation with lipopolysaccharide (LPS) (black bars) or lipoteichoic acid (LTA) (white bars). A representative histogram from 10 independent experiments is shown. (b) Phagocytic capacity of moMϕ under increasing concentrations of hLF using fluorescein isothiocyanate (FITC)‐marked *Echerichia coli* (dotted lines) and pHrodo‐*E. coli* (solid line) in adults (black dots) and neonates (black cross, *n* = 5 per group) was determined by flow cytometry. A representative histogram from 10 independent experiments is shown. Bars show mean ± standard deviation. Normal distribution was determined with the Shapiro--Wilk test. Normally distributed data were analysed using one‐way analysis of variance in accordance with Tukey and non‐normally distributed data were analysed using the Kruskal--Wallis test. \**P* \< 0·05.](CEI-192-315-g003){#cei13108-fig-0003}

Human lactoferrin attenuates phagocytic activity, activation marker expression and cytokine response {#cei13108-sec-0016}
----------------------------------------------------------------------------------------------------

To investigate how hLF influences phagocytic activity, moMϕ were incubated with non‐opsonized *E. coli* particles. In neonatal and adult moMϕ, the presence of high‐dosage hLF did not influence the uptake of FITC‐marked *E. coli*. In the next step, we used pHrodo‐*E. coli* to assess the acidification of the phagosome after uptake of *E. coli*. The presence of hLF during differentiation led to a significantly lower potential of acidification of the phagosome to process *E. coli* in both study groups (Fig. [3](#cei13108-fig-0003){ref-type="fig"}b). We further investigated the regulation of surface activation markers after TLR‐2 or TLR‐4 engagement in hLF‐treated or ‐untreated moMϕ after 24 h. hLF down‐regulated the expression of CD40 and HLA‐DR independently in untreated moMϕ. After LPS or LTA challenge, the presence of hLF during macrophage differentiation led to a significantly lower expression of CD40 (Fig. [4](#cei13108-fig-0004){ref-type="fig"}a) and HLA‐DR (Fig. [4](#cei13108-fig-0004){ref-type="fig"}b) on the surface of moMϕ compared to LPS‐ or LTA‐activated moMϕ.

![Effects of human lactoferrin (hLF) on activation markers, cytokine secretion and phagocytosis. (a) CD 40 and (b) human leucocyte antigen D‐related (HLA‐DR) expression on adult (black bars) and neonatal (white bars, *n* = 5 per group) macrophages after stimulation with lipopolysaccharide (LPS) and lipoteichoic acid (LTA) in the presence or absence of different doses of hLF as determined by flow cytometry. (c) Cell culture supernatants from LPS‐stimulated monocyte‐differentiated macrophages (moMϕ) in the presence (500 µg/ml) or absence of hLF were assessed for cytokine levels of tumour necrosis factor (TNF)‐α, interleukin (IL)‐1, IL‐6, IL‐10 and IL‐8 (*n* = 8 per group) using a flow cytometry‐based bead array. Bars show mean ± standard deviation. Normal distribution was determined with the Shapiro--Wilk test. Normally distributed data were analysed using one‐way analysis of variance in accordance with Tukey and non‐normally distributed data were analysed using the Kruskal--Wallis test. \**P* \< 0·05; \*\**P* \< 0·01.](CEI-192-315-g004){#cei13108-fig-0004}

Further, the production of TNF‐α, IL‐1β, IL‐6, IL‐8, IL‐10 and IL‐12p70 was analysed after 24 h of stimulation with LPS and LTA. TNF‐α, IL‐1β, IL‐6 and IL‐10 were decreased significantly in LPS‐stimulated moMϕ of adults when compared to M‐CSF conditions. In LTA‐stimulated cells, a reduction of the cytokine production was also visible in hLF‐differentiated moMϕ, but did not reach statistical significance. In neonates, TNF‐α, IL‐1β, IL‐6 and IL‐10 levels were decreased significantly in both LPS‐ and LTA‐stimulated hLF‐differentiated moMϕ. Production of IL‐12p70 and TGF‐β could not be detected in both groups (data not shown). IL‐8 levels remained unchanged in the presence of hLF after LPS or LTA challenge in both study groups (Fig. [4](#cei13108-fig-0004){ref-type="fig"}c and Supporting information, Fig. S1).

Discussion {#cei13108-sec-0017}
==========

We show that hLF attenuates the proinflammatory response of moMϕ and, therefore, mediates a decreased immune response via interaction of the TLR‐4‐specific pathway. hLF‐differentiated moMϕ displayed decreased potential of phagosome acidification as well as down‐regulated antigen‐presenting and co‐stimulatory surface markers. Although proinflammatory cytokines such as TNF‐α or IL‐6 were down‐regulated significantly in hLF‐treated moMϕ, anti‐inflammatory counterparts such as IL‐10 or TGF‐β were missing upon activation of hLF‐differentiated moMϕ. Thus, our data might suggest that hLF polarizes macrophages into a more 'anergic' instead of an 'anti‐inflammatory' state. The lactoferrin‐induced anergic/anti‐inflammatory state probably contributes to the protective effects to proinflammatory disorders such as NEC in the intestine of premature neonates.

NEC is a life‐threating gastrointestinal complication in extremely premature infants of mainly unknown origin. Besides an imbalance of intestinal microperfusion, reduced mucus production and diminished epithelial gut barrier, it is assumed that a dysregulated excessive inflammatory immune response against luminal bacteria might further damage the vulnerable gut of premature infants leading to a systemic inflammatory immune response [8](#cei13108-bib-0008){ref-type="ref"}, [13](#cei13108-bib-0013){ref-type="ref"}. Thus, the premature 'leaky gut' might result in a higher probability of translocation of harmful bacteria from the intestinal lumen into the tissue, causing inflammation by tissue‐resident macrophages. Additionally, intestinal macrophages of premature infants exhibit an elevated proinflammatory profile which might aggravate gut inflammation, predisposing to the development of NEC [5](#cei13108-bib-0005){ref-type="ref"}, [7](#cei13108-bib-0007){ref-type="ref"}, [8](#cei13108-bib-0008){ref-type="ref"}. This is supported by the finding that premature infants who developed NEC display a gut microbial dysbiosis with lower diversity and higher amounts of Gram‐negative bacteria prior to disease onset [14](#cei13108-bib-0014){ref-type="ref"}, [15](#cei13108-bib-0015){ref-type="ref"}. Furthermore, the bacterial cell wall component LPS was found to be a top transcriptional upstream regulator in NEC [16](#cei13108-bib-0016){ref-type="ref"}. Interestingly, eradication of Gram‐negative bacteria with orally given aminoglycosides appears to be protective against NEC in premature infants [17](#cei13108-bib-0017){ref-type="ref"}.

NEC often occurs within the first weeks of life. Therefore, we have chosen to investigate the monocyte‐to‐macrophage differentiation, as premature infants receive human breast milk containing lactoferrin and/or supplemental lactoferrin after birth. Additionally, as shown by Maheshwari *et al*. [5](#cei13108-bib-0005){ref-type="ref"}, the intestinal macrophage pool in the developing gut is replenished by blood monocytes migrating into the intestinal lamina propria and differentiating into macrophages. M‐CSF seems to play a crucial role in local homeostasis of monocytes and macrophages -- especially in the gut -- and was therefore chosen as differentiation stimulus in our experiments [18](#cei13108-bib-0018){ref-type="ref"}, [19](#cei13108-bib-0019){ref-type="ref"}.

We sought first to investigate the potential interference of hLF on the differentiation process of monocytes to macrophages. M‐CSF receptor expression as well as signalling was not influenced by hLF. Interestingly, high dosages of hLF weakly induced phospholipase C gamma 2 (PLC‐γ2) without M‐CSF stimulation. hLF incubation did not cause apoptosis of macrophages and furthermore, using light microscopy, hLF‐differentiated moMϕ were normally shaped. Macrophage surface markers showed comparable levels regardless of different hLF concentrations. Additionally, the expression level of VentX, a homeobox transcription factor for terminal differentiation and proinflammatory activation of macrophages, was unaffected by hLF treatment [20](#cei13108-bib-0020){ref-type="ref"}. Interestingly, TLR‐4 surface expression -- as opposed to TLR‐2 -- was down‐regulated selectively on hLF‐treated moMϕ. Stimulation with the TLR‐2‐specific agonist LTA and the TLR‐4‐specific agonist LPS resulted in diminished TLR‐dependent signalling and proinflammatory cytokine secretion in a dose‐dependent manner. Although the TLR‐2 expression was not affected by hLF exposure, we observed a significant reduction of the proinflammatory response after LTA stimulation in hLF‐treated moMϕ. The reduced cytokine response can be explained partly by reduced downstream signalling of the TLR‐2‐pathway in hLF‐treated moMϕ. Previous studies have revealed that lactoferrin activates TLR‐4‐dependent and ‐independent pathways, resulting in macrophage activation [21](#cei13108-bib-0021){ref-type="ref"}, [22](#cei13108-bib-0022){ref-type="ref"}. Those studies were conducted after completion of macrophage differentiation or using macrophage cell lines and did not investigate the impact of hLF on the differentiation process [21](#cei13108-bib-0021){ref-type="ref"}, [22](#cei13108-bib-0022){ref-type="ref"}. Using recombinant hLF and GM‐CSF as differentiation stimulus, van der Does *et al*. [23](#cei13108-bib-0023){ref-type="ref"} described a moMϕ subset with increased responsiveness to microbial structures. This might be explained by the use of GM‐CSF, which seems to be an important growth and homeostasis factor during acute inflammation [24](#cei13108-bib-0024){ref-type="ref"}. Interestingly, the presence of bovine lactoferrin during differentiation of monocyte‐derived dendritic cells leads to an attenuated immune response after TLR engagement [25](#cei13108-bib-0025){ref-type="ref"}. These data suggest a pivotal role of lactoferrin during macrophage differentiation, depending on the used differentiation stimulus. Hence, data on the effect of hLF on neonatal moMϕ differentiated in the presence of GM‐CSF are missing. In recent years, several functional deficiencies in the neonatal immune system regarding the monocyte function have been suggested, showing limited immune responses of neonatal monocytes compared to healthy adults [26](#cei13108-bib-0026){ref-type="ref"}, [27](#cei13108-bib-0027){ref-type="ref"}. Interestingly, we found no significant difference in moMϕ phenotype or function between term neonates and adults.

Lactoferrin also exerts distinct immunomodulatory properties on intestinal epithelial cells. LF promotes enterocyte growth and proliferation as well as stimulating the secretion of TGF‐β [28](#cei13108-bib-0028){ref-type="ref"}, [29](#cei13108-bib-0029){ref-type="ref"}. Maheshwari *et al*. showed that TGF‐β plays a crucial role in the developing premature intestine by suppression of the proinflammatory immune response of macrophages. In early gestational age TGF‐β production of stromal cells is diminished, leading to an inflammatory response in intestinal macrophages. This observation is underlined by the finding that enteral supplementation with TGF‐β protected mice from experimentally induced NEC‐like injuries [5](#cei13108-bib-0005){ref-type="ref"}. Thus, the induction of TGF‐β in intestinal epithelial cells by LF might be a further protective mechanism against excessive gut inflammation. Further *in‐vivo* studies are needed to validate this hypothesis. Based on clinical trials and data, enteral administration of lactoferrin leads to a reduced incidence of NEC and late‐onset sepsis in premature infants [12](#cei13108-bib-0012){ref-type="ref"}. As LF concentrations are highest in the colostrum, reaching from 5 to 7 g/dl [10](#cei13108-bib-0010){ref-type="ref"}, neonatologists aim at the feeding of colostrum and breast milk as well as supplementation of LF as a dietary supplement for the prevention of NEC in very low‐birthweight neonates.

Taken together, LF seems to have an impact upon various immunological players in the gut with direct and indirect effects on intestinal macrophages. The results of the present study shed some light on the proposed mechanism of the underlying 'anergic'/anti‐inflammatory properties of hLF, highlighting the importance of monocyte/macrophages as potential prophylactic and therapeutic targets in inflammatory diseases.
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**Fig. S1.** Cell culture supernatants from lipopolysaccharide (LPS)‐ and lipoteichoic acid (LTA)‐stimulated monocyte‐differentiated macrophages from adult (black bars) and neonates (white bars) in the presence or absence of human lactoferrin (hLF) were assessed for cytokine levels of (a) tumour necrosis factor (TNF)‐α, (b) interleukin (IL)‐1, (c) IL‐6, (d) IL‐8 and (e) IL‐10 (*n* = 8 per group). Bars show mean ± standard deviation. Normal distribution was determined using the Shapiro--Wilk test. Normally distributed data were analysed using one‐way analysis of variance in accordance with Tukey and non‐normally distributed data were analysed using the Kruskal‐Wallis test. \**P* \< 0·05; \*\**P* \< 0·01. Neonatal intestinal macrophages display a proinflammatory profile that might contribute to inflammatory mucosal injury. The human bioactive milk component lactoferrin attenuates the proinflammatory immune response of neonatal monocyte‐derived macrophages by interference with Toll‐like receptor (TLR) pathways. Thus, the anergic/anti‐inflammatory properties of human lactoferrin might contribute to the prevention of harmful TLR‐mediated inflammatory disorders in the developing gut of premature infants.

###### 

Click here for additional data file.
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